Introduction {#S0001}
============

Retinoblastoma (RB) is an aggressive intraocular malignancy that arises from the primitive retinal layer.[@CIT0001] It accounts for 2--4% of all malignant tumors in children under 5 years of age.[@CIT0002] Approximately 9,000 cases of RB are diagnosed every year worldwide,[@CIT0003] and approximately 20% of these occur in China.[@CIT0004] In developing countries, most patients are diagnosed with RB at an advanced stage; therefore, their clinical outcomes are poorer than those of patients in developed countries.[@CIT0005],[@CIT0006] The primary treatment options for patients with RB are enucleation, laser photocoagulation, chemotherapy, and focal therapy.[@CIT0007] Although tremendous progress has been made in the diagnosis and treatment of RB over the past decade,[@CIT0008] the prognosis is still unsatisfactory due to its rapid progression. The allelic inactivation of the *RB1* gene along with other oncogenes or tumor suppressors has been shown to play a crucial role in the development and progression of RB;[@CIT0009],[@CIT0010] however, the exact molecular mechanisms are poorly understood. Therefore, delineating the molecular events involved in the pathogenesis of RB is of great and urgent significance for the identification of effective molecular therapeutic strategies for patients with RB.

In recent years, our knowledge of the importance of microRNAs (miRNAs) in cancer has greatly increased.[@CIT0011] miRNAs are a group of short (19--23 nt), noncoding RNA molecules that function as novel gene expression regulators.[@CIT0012] miRNAs pair imperfectly with the 3′-untranslated region (3′-UTR) of their target genes, which leads to mRNA degradation and/or transcription silencing.[@CIT0013] Because miRNAs modulate approximately 60% of all human protein-coding genes, they have been implicated in various physiological functions and pathological conditions, including carcinogenesis and cancer progression.[@CIT0014]--[@CIT0016] Numerous studies have shown that the expression profiles of various miRNAs are altered in RB.[@CIT0017]--[@CIT0019] For example, miR-101-3p,[@CIT0020] miR-506-3p,[@CIT0021] and miR-874[@CIT0022] are expressed at low levels in RB and function as tumor-suppressive miRNAs. In contrast, miR-10b,[@CIT0023] miR-198,[@CIT0024] and miR-498[@CIT0025] are upregulated in RB and have a tumor-promoting functions. Therapeutic techniques targeting the miRNAs that contribute to the initiation and progression of RB may have potential applications.

Abnormal miR-665 expression has been reported in multiple human cancers.[@CIT0026]--[@CIT0029] However, the expression profile and biological function of miR-665 in RB and the underlying molecular mechanisms are largely unknown. Hence, in this study, we aimed to detect miR-665 expression in RB and evaluate its clinical value in patients with RB. Additionally, we investigated the function of miR-665 in RB progression and explored the molecular mechanisms underlying the tumor-suppressive action of miR-665 in RB.

Material and methods {#S0002}
====================

Patients and tissue samples {#S0002-S2001}
---------------------------

The study protocol was approved by the Ethics Committee of The First Affiliated Hospital of Zhengzhou University, and the study was performed in accordance with the guidelines of the Declaration of Helsinki. Written informed consent was obtained from the parents or guardians of all patients. A total of 34 RB tissues and 11 normal retinal tissues were collected at The First Affiliated Hospital of Zhengzhou University between March 2015 and October 2017. Normal retinal tissues were obtained from patients with ophthalmorrhexis who received enucleation. All enrolled patients were newly diagnosed and were being treated for the first time, and they had not been treated with laser photocoagulation, chemotherapy, or focal therapy before enucleation. All tissue specimens were quickly frozen in liquid nitrogen after enucleation and stored at −80 °C until use.

Cell lines and culture conditions {#S0002-S2002}
---------------------------------

The normal retinal pigmented epithelial cell line ARPE-19 and three human RB cell lines, Y79, SO-RB50, and WERI-RB-1, were acquired from the American Type Culture Collection (Manassas, VA, USA). The cell lines were maintained at 37 °C in a humidified atmosphere containing 5% CO~2~ and grown in Dulbecco's modified Eagle's medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA).

Cell transfection {#S0002-S2003}
-----------------

Human synthetic miR-665 mimics, a miR-665 inhibitor, negative control miRNA mimics (miR-NC), and a negative control miRNA inhibitor (NC inhibitor) were purchased from GenePharma (Shanghai, China). To knockdown *HMGB1*, an *HMGB1*-targeting small interfering RNA (siRNA; si-HMGB1) and a corresponding negative control (si-NC) were purchased from GeneCopoeia (Guangzhou, China). To increase *HMGB1* expression, the full-length human *HMGB1* cDNA was chemically synthesized by GenePharma and then inserted into the mammalian expression vector pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA) to generate the plasmid pcDNA3.1-HMGB1 (pc-HMGB1). Cells were plated in 6-well plates 12 h prior to transfection, and Lipofectamine 2000 (Invitrogen) was utilized for cell transfection. Transfected cells were collected at different time points and then used for subsequent experiments.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) {#S0002-S2004}
----------------------------------------------------------------------

TRIzol (Invitrogen) was used to extract total RNA from prepared tissue specimens and cells. Then, the extracted total RNA was reverse transcribed using the miScript Reverse Transcription kit (Qiagen, Hilden, Germany). The obtained cDNA and the miScript SYBR Green PCR kit (Qiagen) were used to quantify miR-665 expression by using quantitative PCR (qPCR). To determine *HMGB1* mRNA expression, the reverse transcription reaction was performed using the PrimeScript™ RT reagent Kit (Takara, Kusatsu, Japan), followed by qPCR with SYBR-Green PCR Master Mix (Takara). The RT-qPCR was performed on an ABI 7900 thermocycler (Applied Biosystems, Foster City, CA, USA). Relative miR-665 and *HMGB1* expression levels were normalized to the reference genes U6 small nuclear RNA and *GAPDH*, respectively, and relative gene expression was analyzed by the 2^−ΔΔCt^ method.[@CIT0030]

Cell counting kit-8 (CCK-8) assay {#S0002-S2005}
---------------------------------

Transfected cells were collected after 24 h of culture, resuspended in culture medium, and seeded into 96-well plates at a density of 2,000 cells per well. Each group had six replicate wells. The cells were then incubated at 37 °C in a humidified atmosphere containing 5% CO~2~. After 0, 24, 48, and 72 h of incubation, 10 μL of CCK-8 solution (DOJINDO, Tokyo, Japan) was added to each well and incubated at 37 °C for an additional 2 h. Then, the plates were read on a microplate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 450 nm.

Clonogenic assay {#S0002-S2006}
----------------

Transfected cells were collected at 24 h post-transfection and plated in 6-well plates at an initial density of 1,000 cells/well. Then, the cells were grown at 37 °C in a humidified incubator with 5% CO~2~ for 2 weeks. On day 15, the cells were fixed with 4% paraformaldehyde and then stained with methyl violet. Finally, the number of colonies (\>50 cells) was counted under an inverted light microscope (Olympus, Tokyo, Japan).

Flow cytometric analysis of apoptotic cells {#S0002-S2007}
-------------------------------------------

After 24 h of culture, transfected cells were collected, and the apoptosis rate was determined. After three washes with PBS, apoptotic cells were evaluated using the Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (BioLegend, San Diego, CA, USA). Cells were resuspended in 1× binding buffer, and the cell density was adjusted to 1×10^8^ cells/mL. Then, the cells were stained with 5 μL of Annexin V-FITC and 5 μL of propidium iodide solution. After 15  min of incubation in the dark at 4 °C, the cells were evaluated with a flow cytometer (FACScan; BD Biosciences, San Jose, CA, USA). The data were analyzed with CellQuest software (BD Biosciences).

In vitro migration and invasion assays {#S0002-S2008}
--------------------------------------

The migration and invasion of RB cells were assessed using transwell inserts (8 μm pores; BD Biosciences). In the invasion assays, the upper side of the insert was precoated with Matrigel (BD Biosciences), while a non-Matrigel-coated insert was used for the migration assays. At 48 h post-transfection, cell suspensions were prepared using FBS-free DMEM. Then, 300 μL of a cell suspension containing 5×10^4^ transfected cells was placed into the upper compartment of the insert, and 700 μL of DMEM supplemented with 20% FBS was added to the lower compartment. The Transwells were incubated at 37 °C in a humidified atmosphere containing 5% CO~2~ for 24 h, and then the cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. Finally, the number of migrated and invaded cells was counted under an inverted light microscope (magnification, 200×).

Tumor xenograft mouse model {#S0002-S2009}
---------------------------

All animal care and experimental protocols were approved by the Ethical Committee of The First Affiliated Hospital of Zhengzhou University, and the experiments were carried out in accordance with the Animal Protection Law of the People's Republic of China-2009 for experimental animals. Seven-week-old BALB/c nude mice were obtained from the Chinese Academy of Sciences (Shanghai, China) and subcutaneously injected with miR-665 mimic- or miR-NC-transfected cells. Each group contained four mice. The tumors were monitored every 2 days, and tumor volume was calculated using the following formula: tumor volume = 0.5 × long diameter × short diameter^2^. Four weeks after injection, the mice were sacrificed, and the weight of the tumor xenografts was measured.

Bioinformatics prediction {#S0002-S2010}
-------------------------

The putative targets of miR-665 were predicted using three miRNA target prediction programs, TargetScan (<http://www.targetscan.org/vert_71/>), miRDB (<http://mirdb.org/>), and microRNA (<http://www.microrna.org/microrna/home.do>).

Luciferase reporter assay {#S0002-S2011}
-------------------------

The wild-type (wt) and mutant (mut) 3′-UTR of *HMGB1*, containing putative and mutated miR-665 binding sites, respectively, were chemically synthesized by GenePharma and inserted into the pmirGLO luciferase reporter vector (Promega, Madison, WI, USA). The luciferase plasmids were then co-transfected with miR-665 mimics or miR-665 inhibitor into cells and plated in 24-well plates. At 48 h after transfection, the cells were harvested and lysed, and luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. Relative firefly luciferase activity was normalized to *Renilla* luciferase activity.

Western blot analysis {#S0002-S2012}
---------------------

Total protein was extracted with the active protein extraction kit (KGP1050; Nanjing KeyGen Biotech, Nanjing, China), and protein levels were quantified with the BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China). Equal amounts of protein were loaded onto 10% sodium dodecyl sulfate polyacrylamide gels, separated by electrophoresis, and transferred to polyvinylidene fluoride membranes (Beyotime Biotechnology). After blocking with 5% skimmed milk at room temperature for 2 h, the membranes were incubated overnight at 4 °C with primary antibodies against HMGB1 (ab77302; Abcam, Cambridge, MA, USA), p-β-catenin (sc-57534; Santa Cruz Biotechnology, Santa Cruz, CA, USA), β-catenin (sc-59737; Santa Cruz Biotechnology), cyclin D1 (ab40754; Abcam), and GAPDH (ab128915; Abcam), which were diluted to 1:1,000. The, the membranes were incubated with goat anti-rabbit (ab205718; Abcam) or goat anti-mouse (ab6789; Abcam) HRP-conjugated secondary antibodies at a dilution of 1:5,000 for detection. The bands were visualized using enhanced chemiluminescence solution (Pierce; Thermo Fisher Scientific, Inc.). GAPDH was used as a loading control.

Statistical analysis {#S0002-S2013}
--------------------

All statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Each assay was repeated at least three times, and all data were expressed as mean ± standard error. The chi-squared test was used to evaluate the correlation between miR-665 levels and clinicopathological parameters in patients with RB. Spearman's correlation analysis was used for the correlation analysis between miR-665 and *HMGB1* mRNA levels in tissues obtained from patients with RB. Two-tailed Student's *t*-test and one-way analysis of variance with Student-Newman-Keuls tests were utilized for comparisons between two groups and multiple groups, respectively. *P*-values less than 0.05 were considered statistically significant.

Results {#S0003}
=======

miR-665 expression is decreased in RB tissues and cell lines {#S0003-S2001}
------------------------------------------------------------

To determine the expression profile of miR-665 in RB, we first detected its expression in 34 RB tissues and 11 normal retinal tissues. The results of the RT-qPCR analysis showed that miR-665 expression levels were lower in RB tissues than in normal retinal tissues ([Figure 1A](#F0001){ref-type="fig"}, *P*\<0.05). We also measured miR-665 expression in the RB cell lines Y79, SO-RB50, and WERI-RB-1 and the normal retinal pigmented epithelial cell line ARPE-19. Consistently, lower miR-665 expression was observed in all three RB cell lines when compared with the level in ARPE-19 cells ([Figure 1B](#F0001){ref-type="fig"}, *P*\<0.05).Figure 1Decreased miR-665 expression in RB tissues and cell lines. (**A**) RT-qPCR was used to determine the expression profile of miR-665 in 34 RB tissues and 11 normal retina tissues. \**P*\<0.05 compared with normal retina tissues. (**B**) The miR-665 expression level was assessed in three RB cell lines (Y79, SO-RB50, and WERI-RB-1) and a normal retinal pigmented epithelial cell line (ARPE-19). \**P*\<0.05 compared with ARPE-19.

We next attempted to evaluate the clinical role of miR-665 in patients with RB. All enrolled patients were divided into either the low or high miR-665 expression group using the median value as the cutoff. The statistical analysis showed that low miR-665 expression was significantly related to tumor size (*P*=0.015), TNM stage (*P*=0.004), and differentiation (*P*=0.032, [Table 1](#T0001){ref-type="table"}) in patients with RB. These results indicate that downregulation of miR-665 might play a critical role in the malignant development of RB.Table 1The association between clinicopathological parameters and miR-665 expression in 34 patients with RB. RB patients were divided into a low miR-665 or high miR-665 expression group based on median value of miR-665 expression in RB tissuesPrametersmiR-665 expression*P*LowHighAge (years)0.438 \<51411 ≥536Gender0.732 Male108 Female79Tumor size (mm)0.015\* \<15513 ≥15124TNM stage0.004\* I-II615 III-IV112Differentiation0.032\* Moderate and well714 Poor103[^1]

miR-665 attenuates the malignant phenotypes of RB cells in vitro {#S0003-S2002}
----------------------------------------------------------------

To explore the biological functions of miR-665 in RB, gain- and loss-of-function assays were performed to determine the effect of altering miR-665 expression on the phenotypes of RB cells. Y79 cells, which exhibited the lowest miR-665 expression among the three tested RB cell lines, were transfected with miR-665 mimics, while WERI-RB-1 cells, which showed the highest miR-665 expression level, were transfected with a miR-665 inhibitor. Transfection efficiency was validated by RT-qPCR ([Figure 2A](#F0002){ref-type="fig"}, *P*\<0.05). CCK-8 and clonogenic assays revealed that transfection of Y79 cells with the miR-665 mimics decreased cell proliferation and colony formation, respectively, while transfection of WERI-RB-1 cells with the miR-665 inhibitor led to enhancement of cell proliferation and colony formation ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}, *P*\<0.05). Since miR-665 inhibited RB cell proliferation, we next examined whether miR-665 regulated apoptosis in RB cells. As shown in [Figure 2D](#F0002){ref-type="fig"}, ectopic miR-665 expression in Y79 cells led to an obvious increase in apoptosis, while silencing miR-665 expression in WERI-RB-1 cells led to a marked reduction in apoptosis (*P*\<0.05). We also investigated the effects of miR-665 on the migration and invasion of RB cells in vitro. The results from the in vitro migration and invasion assays showed that restoration of miR-665 expression restricted the migration and invasion of Y79 cells. In contrast, downregulation of miR-665 promoted the migration and invasion of WERI-RB-1 cells ([Figure 2E](#F0002){ref-type="fig"} and F, *P*\<0.05). Taken together, these results indicate that miR-665 may function as a tumor-suppressing miRNA in RB.Figure 2Effects of miR-665 on RB cell proliferation, colony formation, apoptosis, migration, and invasion in vivo. (**A**) Y79 cells were transfected with miR-665 mimics or miR-NC, and WERI-RB-1 cells were transfected with a miR-665 inhibitor or NC inhibitor. After transfection, miR-665 expression was assessed by RT-qPCR. \**P*\<0.05 compared with miR-NC. ^\#^*P*\<0.05 compared with NC inhibitor. (**B, C**) CCK-8 and clonogenic assays were performed to assess cell proliferation and colony formation, respectively, in Y79 cells overexpressing miR-665 and in WERI-RB-1 cells with knocked down miR-665. On day 15, a photo of the colonies formed was taken. \**P*\<0.05 compared with miR-NC. ^\#^*P*\<0.05 compared with NC inhibitor. (**D**) Apoptosis was examined by flow cytometric analysis in Y79 cells transfected with miR-665 mimics and WERI-RB-1 cells transfected with a miR-665 inhibitor. \**P*\<0.05 compared with miR-NC. ^\#^*P*\<0.05 compared with NC inhibitor. (**E, F**) Cell migration and invasion were evaluated after transfection of Y79 cells with miR-665 mimics or the transfection of WERI-RB-1 cells with miR-665 inhibitor. \**P*\<0.05 compared with miR-NC. ^\#^*P*\<0.05 compared with NC inhibitor.

HMGB1 is a direct target of miR-665 in RB cells {#S0003-S2003}
-----------------------------------------------

Bioinformatics analysis was performed to search for putative targets of miR-665 and determine the mechanisms responsible for the effects of miR-665 in RB cells. The 3′-UTR of *HMGB1* contained a highly conserved binding site for miR-665 ([Figure 3A](#F0003){ref-type="fig"}), suggesting that *HMGB1* is a direct target of miR-665. Thus, a luciferase reporter assay was conducted to verify this prediction. The luciferase activity of a plasmid harboring the wild-type *HMGB1* 3′-UTR was decreased by upregulation of miR-665 expression in Y79 cells, whereas inhibition of miR-665 in WERI-RB-1 cells increased luciferase activity ([Figure 3B](#F0003){ref-type="fig"}, *P*\<0.05). However, the luciferase activity of a plasmid containing a mutant *HMGB1* 3′-UTR was unaffected by a change in miR-665 expression.Figure 3Identification of HMGB1 as a direct target gene of miR-665 in RB cells. (**A**) Bioinformatics prediction revealed a highly conserved miR-665 binding site in the 3′-UTR of HMGB1. (**B**) Y79 cells were treated with either miR-665 mimics or miR-NC and either wild-type (wt) or mutant (mut) 3′-UTR reporter plasmid. miR-665 inhibitor or NC inhibitor along with the wt or mut 3′-UTR reporter plasmid were transfected into WERI-RB-1 cells. Luciferase activity was measured at 48 h post-transfection and normalized to that of the Renilla luciferase activity. \**P*\<0.05 compared with miR-NC. ^\#^*P*\<0.05 compared with NC inhibitor. (**C, D**) Expression levels of HMGB1 mRNA and protein in miR-665-overexpressing Y79 cells and miR-665-knocked down WERI-RB-1 cells were measured by using RT-qPCR and Western blot analysis, respectively. On day 15, a photo of colonies formed was taken. \**P*\<0.05 compared with miR-NC. ^\#^*P*\<0.05 compared with NC inhibitor. (**E**) HMGB1 mRNA expression in 34 RB tissues and 11 normal retina tissues was analyzed by RT-qPCR. \**P*\<0.05 compared with normal retina tissues. (**F**) HMGB1 mRNA expression in the high miR-665 expression group was significantly lower than that in the low miR-665 expression group. \**P*\<0.05 compared with low miR-665 expression group. (**F**) Correlation analysis of the expression levels of miR-665 and HMGB1 in RB tissues was performed using Spearman's correlation analysis. R^2^=0.3561 *P*=0.0002.

RT-qPCR and Western blot analysis were employed to determine the effects of miR-665 on the endogenous expression levels of *HMGB1* mRNA and protein. The results showed that the mRNA and protein levels of HMGB1 were suppressed by exogenous miR-665 expression in Y79 cells and were induced by silencing miR-665 expression in WERI-RB-1 cells ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}, *P*\<0.05). Furthermore, we found that *HMGB1* mRNA expression was notably upregulated in RB tissues relative to the level in normal retinal tissues ([Figure 3E](#F0003){ref-type="fig"}, *P*\<0.05). RB tissues with high miR-665 expression showed lower *HMGB1* mRNA levels than RB tissues with low miR-665 expression ([Figure 3F](#F0003){ref-type="fig"}, *P*\<0.05). Moreover, Spearman's correlation analysis indicated that the *HMGB1* mRNA level was negatively correlated with the miR-665 level in RB tissues ([Figure 3G](#F0003){ref-type="fig"}; R^2^= 0.3561, *P*= 0.0002). These results suggest that *HMGB1* is a direct target gene of miR-665 in RB.

HMGB1 knockdown can simulate the effect of miR-665 upregulation in RB cells {#S0003-S2004}
---------------------------------------------------------------------------

Loss-of-function assays were performed to investigate the biological functions of *HMGB1* in RB progression. Western blot analysis was used to validate the knockdown efficiency of *HMGB1* siRNA (si-HMGB1). Transfection of si-HMGB1 efficiently decreased HMGB1 protein levels in Y79 and WERI-RB-1 cells compared with the levels in cells transfected with si-NC ([Figure 4A](#F0004){ref-type="fig"}, *P*\<0.05). Cell proliferation and colony formation in the si-HMGB1-transfected cells were attenuated when compared with those in si-NC-transfected cells for both the Y79 and WERI-RB-1 cell lines ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}, *P*\<0.05). In addition, transfection of both Y79 and WERI-RB-1 cells with si-HMGB1 promoted apoptosis ([Figure 4D](#F0004){ref-type="fig"}, *P*\<0.05). In vitro migration and invasion assays showed that *HMGB1* knockdown also restricted the migration and invasion of Y79 and WERI-RB-1 cells ([Figure 4E](#F0004){ref-type="fig"} and F, *P*\<0.05). These results demonstrated that suppression of *HMGB1* had effects similar to those of miR-665 overexpression in RB cells, confirming *HMGB1* as a downstream target of miR-665 in RB cells.Figure 4Silencing of HMGB1 expression inhibited RB cell proliferation, colony formation, migration, and invasion, and promoted apoptosis in vitro. Y79 and WERI-RB-1 cells were transfected with si-HMGB1 or si-NC, and then used in the following assays. (A) Western blot analysis to detect HMGB1 protein levels. \**P*\<0.05 compared with si-NC. (**B, C**) The effects of HMGB1 knockdown on proliferation and colony formation of Y79 and WERI-RB-1 cells were examined by using the CCK-8 and clonogenic assays, respectively. On day 15, a photo of colonies formed was taken. \**P*\<0.05 compared with si-NC. (**D**) Flow cytometric analysis was applied to detect apoptosis in HMGB1-silenced Y79 and WERI-RB-1 cells. \**P*\<0.05 compared with si-NC. (**E, F**) In vitro migration and invasion assays were used to investigate the migration and invasion of Y79 and WERI-RB-1 cells after transfection with si-HMGB1 or si-NC. \**P*\<0.05 compared with si-NC.

The functional roles of miR-665 in RB cells depend on HMGB1 expression {#S0003-S2005}
----------------------------------------------------------------------

To investigate whether *HMGB1* expression affects the functions of miR-665 in RB cells and the underlying mechanism, rescue experiments were performed by restoring *HMGB1* expression in Y79 and WERI-RB-1 cells. To this end, miR-665-overexpressing Y79 cells were transfected with pc-HMGB1, and si-HMGB1 was introduced into WERI-RB-1 cells that were transfected with a miR-665 inhibitor. Restoration of HMGB1 protein expression was corroborated by Western blot analysis ([Figure 5A](#F0005){ref-type="fig"}, *P*\<0.05). Functional experiments revealed that cell growth ([Figure 5B](#F0005){ref-type="fig"}--[D](#F0005){ref-type="fig"}, *P*\<0.05) and metastasis ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}, *P*\<0.05) in Y79 cells were inhibited by miR-665 overexpression; however, these inhibitory effects were abolished by co-transfection with pc-HMGB1. Similarly, co-transfection with si-HMGB1 partially counteracted the miR-665 inhibitor-induced promotion of WERI-RB-1 cell growth and metastasis. These results suggest that miR-665 exerts its anticancer effects in RB, at least in part, through the negative regulation of *HMGB1*.Figure 5Rescue experiments were performed to confirm that HMGB1 is the functional target of miR-665 in RB cells. Y79 cells were co-transfected with miR-665 mimics and either pc-HMGB1 or pcDNA3.1. WERI-RB-1 cells were co-transfected with miR-665 inhibitor and either si-HMGB1 or si-NC. After different incubation times, the cells were collected and used in the following experiments. (**A**) At 72 h post transfection, HMGB1 protein was measured by Western blot analysis. \**P*\<0.05 compared with miR-NC. \*\**P*\<0.05 compared with miR-665 mimics + pcDNA3.1. ^\#^*P*\<0.05 compared with NC inhibitor. ^\#\#^*P*\<0.05 compared with miR-665 inhibitor + si-NC. (**B-D**) Cell proliferation, colony formation, and apoptosis were examined by using the CCK-8, clonogenic, and flow cytometric analysis, respectively. On day 15, a photo of colonies formed was taken. \**P*\<0.05 compared with miR-NC. \*\**P*\<0.05 compared with miR-665 mimics + pcDNA3.1. ^\#^*P*\<0.05 compared with NC inhibitor. ^\#\#^*P*\<0.05 compared with miR-665 inhibitor + si-NC.Figure 6Restoration of HMGB1 expression abolished the effects of miR-665 on the migration and invasion of RB cells. (**A, B**) Y79 cells were cotransfected with miR-665 mimics and either pc-HMGB1 or pcDNA3.1. WERI-RB-1 cells were cotransfected with miR-665 inhibitor and either si-HMGB1 or si-NC into. In vitro migration and invasion assays were conducted to examine cell migration and invasion. \**P*\<0.05 compared with miR-NC. \*\**P*\<0.05 compared with miR-665 mimics + pcDNA3.1. ^\#^*P*\<0.05 compared with NC inhibitor. ^\#\#^*P*\<0.05 compared with miR-665 inhibitor + si-NC.

miR-665 suppresses the Wnt/β-catenin signaling pathway in RB cells via regulation of HMGB1 {#S0003-S2006}
------------------------------------------------------------------------------------------

The Wnt/β-catenin signaling pathway has previously been reported to be regulated by HMGB1.[@CIT0031],[@CIT0032] To investigate whether a change in miR-665 expression affects the Wnt/β-catenin pathway in RB cells, the expression levels of several important molecules in the pathway, including p-β-catenin, β-catenin, and cyclin D1, were measured in RB cells following upregulation or downregulation of miR-665. Transfection of Y79 cells with miR-665 mimics downregulated the protein levels of p-β-catenin and cyclin D1, while silencing miR-665 expression in WERI-RB-1 cells had the opposite effects ([Figure 7](#F0007){ref-type="fig"}). However, recovery of *HMGB1* expression partially alleviated the change in p-β-catenin and cyclin D1 levels caused by miR-665 upregulation or downregulation. These results indicate that miR-665 deactivates the Wnt/β-catenin pathway in RB cells via negative regulation of *HMGB1*.Figure 7miR-665 targets HMGB1 in RB cells to inactivate the Wnt/β-catenin signaling pathway Y79 cells were cotransfected with miR-665 mimics and either pc-HMGB1 or pcDNA3.1, while WERI-RB-1 cells were cotransfected with miR-665 inhibitor and either si-HMGB1 or si-NC. Western blot analysis was conducted to examine the expression levels of p-β-catenin, β-catenin, and cyclin D1.

miR-665 inhibits tumor growth in vivo via HMGB1 and the Wnt/β-catenin pathway {#S0003-S2007}
-----------------------------------------------------------------------------

To further illustrate the effects of miR-665 on RB cell growth, a tumor xenograft mouse model was established by inoculating Y79 cells transfected with the miR-665 mimics or miR-NC into the flanks of nude mice. The tumor xenografts generated from the miR-665 mimic-transfected cells were significantly smaller ([Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}, *P*\<0.05) and lighter ([Figure 8C](#F0008){ref-type="fig"}, *P*\<0.05) than the xenografts in mice of the miR-NC group. We then detected miR-665 expression in xenografts by RT-qPCR. The data showed that the expression level of miR-665 was significantly higher in xenografts originating from miR-665 mimic-transfected Y79 cells ([Figure 8D](#F0008){ref-type="fig"}, *P*\<0.05). Western blot analysis was performed to determine the levels of HMGB1, p-β-catenin, β-catenin, and cyclin D1 in the xenografts, and the results were consistent with those of the in vitro experiments. The expression levels of HMGB1, p-β-catenin, and cyclin D1 proteins were significantly downregulated in the tumor xenografts of mice in the miR-665 mimics group ([Figure 8E](#F0008){ref-type="fig"}). These results show that miR-665 inhibits tumor growth by targeting *HMGB1* via deactivation of the Wnt/β-catenin pathway.Figure 8miR-665 decreases HMGB1 to inhibit RB cell growth in vivo via the Wnt/β-catenin pathway. (**A**) The volume of tumor xenografts was measured every 2 days. The growth of the tumor xenografts in the miR-665 mimics group was notably slower than that in the miR-NC group. \**P*\<0.05 compared with miR-NC. (**B**) Representative images of tumor xenografts excised from nude mice obtained 4 weeks after subcutaneous injection of Y79 cells transfected with miR-665 mimics or miR-NC. (**C**) All nude mice were sacrificed 30 days after injection, and the tumor xenografts were excised. The weight of the tumor xenografts in the miR-665 group was notably lower than that in the miR-NC group. \**P*\<0.05 compared with miR-NC. (**D**) miR-665 expression in the tumor xenografts was analyzed by RT-qPCR. \**P*\<0.05 compared with miR-NC. (**E**) The expression levels of HMGB1 and the central members of the Wnt/β-catenin pathway (p-β-catenin, β-catenin, and cyclin D1) were detected by Western blot analysis.

Discussion {#S0004}
==========

Dysregulation of miRNAs has been shown to be closely correlated with the malignant development of RB.[@CIT0017]--[@CIT0019] Multiple miRNAs have been implicated in the aggressive behavior of RB by acting as tumor suppressors or oncogenes.[@CIT0033]--[@CIT0035] Accordingly, further investigation of the specific miRNAs related to the development and progression of RB might facilitate the identification of promising therapeutic strategies for patients with RB. In the present study, we detected miR-665 expression in RB for the first time and subsequently investigated the roles of miR-665 in RB progression. More importantly, we explored the molecular mechanisms responsible for the tumor suppressor activity of miR-665 in RB cells.

miR-665 is upregulated in hepatocellular carcinoma, and its upregulation is significantly correlated with tumor size, vascular invasion, local invasion, Edmondson grading, and clinical stage.[@CIT0026],[@CIT0027] Hepatocellular carcinoma patients with high miR-665 levels show shorter survival times than patients with low miR-665 levels.[@CIT0026] In contrast, miR-665 is expressed at low levels in osteosarcoma tissues and cell lines, and osteosarcoma patients with low miR-665 expression have poorer prognoses than patients with high miR-665 expression.[@CIT0028] miR-665 expression is also downregulated in ovarian cancer[@CIT0029] and pancreatic cancer.[@CIT0036] However, the expression profile of miR-665 in RB had not been investigated previously. Herein, we showed that miR-665 expression was decreased in RB tissues and cell lines and that decreased miR-665 expression was markedly correlated with tumor size, TNM stage, and differentiation in patients with RB. These observations suggest miR-665 might be a novel marker of prognosis in patients with RB.

Aberrantly expressed miR-665 is involved in the malignant phenotypes of multiple human cancers. For instance, miR-665 has been identified as a tumor-promoting miRNA in hepatocellular carcinoma, and upregulation of miR-665 promotes the growth, metastasis, and epithelial-mesenchymal transition of hepatocellular carcinoma cells in vitro and in vivo.[@CIT0027] In contrast, miR-665 plays an inhibitory role in the growth and invasion of ovarian cancer cells.[@CIT0029] A study by Dong et al revealed that upregulation of miR-665 expression attenuated the proliferation, invasion, and epithelial-mesenchymal transition of osteosarcoma cells.[@CIT0028] However, the functional roles of miR-665 in RB cells have remained largely unknown. In the present study, exogenous miR-665 expression inhibited RB cell proliferation and colony formation, promoted cell apoptosis, and decreased cell migration and invasion in vitro. Conversely, silencing miR-665 expression showed the opposite effects. Further, in vivo experiments showed that miR-665 overexpression was sufficient to impair tumor growth. These results suggest that miR-665 is a potential therapeutic target for patients with RB.

Multiple studies have indicated that miRNAs are tightly correlated with carcinogenesis and cancer progression and function by directly regulating the expression levels of target genes.[@CIT0037] Three genes, *PTPRB*[@CIT0027] in hepatocellular carcinoma, *RAB23*[@CIT0028] in osteosarcoma, and homeobox A10^29^ in ovarian cancer, have been identified as direct targets of miR-665. Considering this, we attempted to identify the direct target gene involved in the anticancer roles of miR-665 in RB cells. HMGB1, a highly conserved DNA-binding protein, was found to be a direct and functional downstream target of miR-665 in RB. *HMGB1* is located on chromosome 8q22 and has been found to be upregulated in various human malignancies, including endometrial carcinoma,[@CIT0038] gastric cancer,[@CIT0039] hepatocellular carcinoma,[@CIT0040] and renal cell carcinoma.[@CIT0041] It is also highly expressed in RB, and its overexpression is closely associated with poor tumor differentiation and optic nerve invasion.[@CIT0042] HMGB1 increases oncogene activity in the genesis and development of RB, and it is involved in the regulation of RB cell proliferation, autophagy, apoptosis, the cell cycle, viability, metastasis, and chemotherapy sensitivity.[@CIT0043]--[@CIT0046] In the present study, we demonstrated that miR-665 directly targets *HMGB1* and inactivates the Wnt/β-catenin pathway to inhibit the various malignant behaviors of RB in vitro and in vivo. These findings suggest that miR-665-mediated silencing of *HMGB1* and inactivation of the Wnt/β-catenin pathway may represent an effective therapeutic approach for patients with RB.

Conclusion {#S0005}
==========

In summary, this is the first study to demonstrate that miR-665 is downregulated in RB tissues and cell lines and that low miR-665 expression is significantly associated with tumor size, TNM stage, and differentiation. Upregulation of miR-665 suppresses the development and progression of RB, likely by directly targeting *HMGB1* and inhibiting the activation of the Wnt/β-catenin pathway. A better understanding of the relationship between miR-665, *HMGB1*, and the Wnt/β-catenin pathway in RB may elucidate the molecular pathogenesis of RB and provide a potential target for therapy.
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